(1) where e. is the dielectric constant at the high frequency limit (where the ions cannot follow the oscillation of the electric field and polarization is due entirely to electron motion) and e o is the dielectric constant at the low frequency limit. The LO peaks occur at maxima of Im(-l/e) (c = el + i 2 is the dielectric constant) and the TO peaks occur at maxima of C 2 . The differences in both the peak frequency and intensity of the LO mode from that of the TO mode are due to the sensitivity of the longitudinal components of infrared-active vibrations to long-range electric forces within the film in addition to the short-range interatomic forces that affect both modes (15) .
Sensitivity is the limiting factor in the spectroscopic detection of thin films.
Fourier Transform Infrared Reflection Absorption Spectroscopy (FT-IRRAS) employing a high frequency polarization modulator was chosen for this study. This double modulation technique (16, 17) provides superior performance characteristics, such as the spectral coverage attainable with adequate signal to noise in a short time, the reduction in detector noise at the characteristic frequencies of the normal (dc) rapid scan interferogram and the high frequency modulated interferograms, and the cancellation of the polarization insensitive absorptions. The developmental groundwork of several groups (16) (17) (18) (19) (20) (21) was used to establish the experimental configurations used in this work. A
I:
5 photoelastic modulator is used to rapidly modulate the phase delay, 4, between the s and p polarized components of the light at a frequency w. The total intensity reaching the detector as a function of time and wavenumber, P, is:
where
p = tano = rp/r,, and A = 6P-6, in terms of the Fresnel coefficients rpexp(i6p) and rsexp(i6,). After expansion of the sin/cos terms using Bessel function~s, one obtains:
and then, ratioing the 2w term to the "dc" gives
which reduces to
when Jo(A=137.80) = 0, and using p 2 = lp/I s. Since the amplitude A(A) of the phase delay is wavelength dependant, the above analysis is rigorously correct only at the wavelength corresponding to A=137.8° (19) , at which optimal sensitivity is obtained. The dependance of I2w/Idc on the Bessel functions (eqn. 5) in our FTIR experiments is corrected for by computing a spectral change, 6S, between a modified surface and the original surface:
where the I2w/ldc obtained at the null position of the polarizers is ratioed to that obtained when both polarizers are parallel to either the s or p orientation of the surface.
h
The absorption by a thin film of p polarized light at an oblique angle of incidence has the potential, under optimum conditions, of being 25 times more sensitive than normal angle of incidence transmission through an unsupported thin film (20) . Figure I shows the variation of the reststrahlen TO peak intensity modeled from reported dielectric constants (21) , and that of the corresponding LO mode peak, with angle of incidence for a thin film of SiO 2 on Si. It is noteworthy that the TO mode would be completely suppressed in the case of a metallic substrate, due to the negligible electric field at the interface parallel to a metallic surface.
EXPERIMENTAL
The PECVD reaction chamber used is a modification of one previously described (1)
and is shown schematically in Figure 2 . The modification consisted of fitting the quartz reaction chamber with two KBr windows on the sides of the reactor tube, oriented so that the optical path was normal to the axis of the reactor tube and the angle between the incoming and reflected beams was 112 degrees at the sample. This modification is shown in more detail in Figure 3 . The plasma was usually confined to within the rf coil and optimum growth was obtained in the geometry shown (1). The distance from the windows to the sample was 12 cm. The clear aperture of the windows was 2.54 cm and was the limiting aperture of the light focused on the sample. Thus the angle of incidence on the sample was variable between 50 and 60 degrees. Both Si and Hg I _ xCdxTe (MCTXx=.3) single crystal substrates were used for deposition of the dielectrics.
The Si crystals were (100) oriented, n-type, 50mm dia. polished wafers. The MCT crystals were 15mm dia., unoriented, n type (Nd < 5xi0 15 cm-3 ), wafers that had been polished and etched in Br/methanol solutions.
Silane (0.5% in argon) and nitrous oxide were used as reactants. The optimal reaction conditions were flow rates of 50 and 25 sccm for N 2 0 and SiH 4 /Ar, respectively, at a \ E'SI I LIS Figure 4 shows the spectra for SiO 2 deposited by PECVI) sequentially on an M("'1 substrate and an Al substrate. The intensity of the spectral change in the LO peak of SiO? increased with the thickness of the film in a slightly nonlinear fashion as shown in Figure 5 . No increase in LO mode peak intensity was observed for films over 2500 % thick. ilowever, the TO mode peak increased steadily with film thickness. On Si and MCT substrates, the LO peaks are negative and represent a loss in reflectivity whereas the TO peaks are positive and are caused by an increase in reflectivity. The TO peaks of SiO 2 were observed on Si and MCT substrates but were completely suppressed on an Al substrate. Ihe peak frequency of the LO mode band varied with reaction conditions and was always less than that observed for thermal oxide grown on Si. IR spectra of' three, equal thickness, SiO 2 films prepared in different ways, are shown in Figure 6 .
Two samples (Figure 6b and 6c) represent the observed extremes, due to reaction conditions (I), in PECVD growth quality while the third is a thermally grown oxide (Figure 6a ) which indicates the optimum IR spectrum of an SiO 2 film.
The results obtained for PECVD films deposited on Si, MCT, and Al substrates using similar reaction conditions were the same, with the exception of the suppression of the TO mode peak on Al. The peak frequency of the LO mode shifted to higher wavenum-
Ler by ca. 10 cm -1 as the film thickness was increased from ca. 50 A to ca. 500 A after which the peak frequency became independent of film thickness. SiO 2 films less than 50 A thick exhibited absorption bands that were too broad for accurate determination of peak frequencies.
A shift in the optical properties of a PECVD sample was observed when annealed overnight in air at 4500 C. The optical properties as determined by ellipsometry changed from an index of refraction and thickness of 1.420 and 2110 A, respectively, to 1.425 and 1782 A. The LO mode peak frequency moved from 1234 cm -1 to 1246 cm -1
"
The LO mode peak frequency and optical constants of several Si0 2 films, prepared by different methods, were determined and are presented in Table I . The frequency of the '.
LO mode peak increases with the temperature of the preparation method. Films grown in two reaction chambers were evaluated. The films grown in the reaction chamber fitted with the IR windows were not as good (lower optical constants and LO mode peak frequencies) as those grown in the chamber without IR windows. Also, differences in film quality were noted when the war'rs were placed on a pad of filter paper versus when the wafers were placed directly on the graphite support block.
Silicon wafers that were polished on both sides were placed on an aluminum mirror to evaluate the effect of increased reflectance from the mirror. It was observed that the sensitivity for the LO mode peak was not improved by the presence of the mirror as compared to samples that were polished on one side and rough on the back surface even I though the intensity of the reflected light was significantly increased. As shown in Figure 7 , an interstitial oxygen peak at 1106 cm-! (25) was observed when this Si wafer (both sides polished) was placed on the aluminum mirror. This peak is not observed for 4 samples with rough backs since the light that passes through the wafer is diffusely reflected and does not reach the detector. The presence of the native SiP 2 layer (ca.
15 to 20 A thick) is observable when the spectrum from this Si wafer on Al is suttracted by that from the bare Al wafer as shown in Figure 7 . The signal from the
. " -""-9 ber by ca. 10 cm i as the film thickness was increased from ca. 50 A to Ca. 500 A Ifele which the peak frequency became independent of filn thickness. Si( ) fills less than 50 A thick exhibited absorption bands that were too broad for accurate determination of peak frequencies.
A shift in the optical properties of a PIICVI) sample was observed when annealed overilit in air at 450' C. The optical )roperties as determined by ellipsonetry changed from an index of refraction and thickness of' 1.420 and 21 10 A, respectivel y, to 1.425 and 1782 A. The .0 mode peak frequency moved from 1234 cm -I to 12,16 cII
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The 1.( mode peak frequency and optical constants of several Si(-) films, prepared by different methods, were determined and are presented in Table 1 . The frequency of tie L) mode peak increases with the temperature of the preparation method. Films growni in two reaction chambers were evaluated. The films grown in tile reaction chamber fitted with the IR windows were not as good (lower optical constants and 1.0 mode peak frequencies) as those grown in the chamber without JR windows. Also, differences ill S film quality were noted when the wafers were placed on a pad of filter paper versus when the wafers were placed directly on the graphite support block.
Silicon wafers that were polished on both sides were placed on an aluminum mirror to evaluate the effect of increased reflectance from the mirror. It was observed that tie sensitivity for the LO mode peak was not improved by the presence of the mirror as compared to samples that were polished on one side and rough on the back surface even though the intensity of the reflected light was significantly increased. As shown in Figure 7 , an interstitial oxygen peak at 1106 cm-(25) was observed when this Si wafer I I (both sides polished) was placed on the aluminum mirror. This peak is not observed for samples with rough backs since the light that passes through the wafer is diffusely reflected and does not reach the detector. The presence of the native SiO 2 layer (ca.
15 to 20 A thick) is observable when the spectrum from this Si wafer on Al is subtracted by that from the bare Al wafer as shown in Figure 7 . The signal from the ," %
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It values of 6S versus angle of incidence over the reststrahlen band region (700 to 1500 cm-1 ). As can be seen from Figure 9b , the best sensitivity Qan be obtained on either side of Brewsters' angle, 720. In this work the light is focused on the sample, giving a , range of incidence angles (-10"), hence the incidence angle of -56* was selected. The model calculations used Fresnel equations ( The LO mode peak frequency for the low temperature PECVD grown films was observed to be always less than that for thermal SiO 2 . It was previously observed that thermal SiO 2 has the same transmission IR spectrum as bulk vitreous SiO 2 (3) , and that the TO mode peak of PECVD SiO 2 shifts to higher frequency, and the optical constants and density of the film approach that of thermal oxide, when the films are heat treated 
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